Background: Porcine reproductive and respiratory syndrome virus (PRRSV) causes porcine reproductive and respiratory syndrome (PRRS), which is currently insufficiently controlled. From a previous small-scale screen we identified an effective DNA-based short antisense oligonucleotide (AS-ON) targeting viral NSP9, which could inhibit PRRSV replication in both Marc-145 cells and pulmonary alveolar macrophages (PAMs). The objective of this study was to explore the strategy of incorporating locked nucleic acids (LNAs) to achieve better inhibition of PRRSV replication in vitro.
Background
Porcine reproductive and respiratory syndrome (PRRS) is characterized by respiratory disorders in piglets and reproductive failure in sows [1] . The disease is one of the most economically significant problems in the swine industry. The responsible virus, porcine reproductive and respiratory syndrome virus (PRRSV) is a member of the family Arteriviridae, genus Arterivirus [2] . PRRSV is an enveloped, single-stranded positive-sense RNA virus. PRRSV's genome is about 15 kb long, consisting of nine open reading frames (ORFs) [3] . Among all the encoded viral proteins, NSP9 is a putative RNA-dependent RNA polymerase and plays central roles in viral replication [4] . In our previous small screen with nine candidate sequences [5] , we identified YN8 as one of the most effective DNA-based short antisense oligonucleotides (AS-ONs) targeting NSP9, which could significantly inhibit PRRSV replication in both Marc-145 cells and pulmonary alveolar macrophages (PAMs).
Due to the disadvantages of DNA-based AS-ON, e.g. relatively low biostability, quick degradation by nucleases and low hybridization affinity with target sequences, the applications of antisense technologies in research and therapeutics are limited. The synthesis of Locked Nucleic Acid (LNA) [6] overcame these limitations as LNA modified nucleotides confer low cytotoxicity, high thermostability, resistance to nucleases and stable hybridization abilities with target sequences [7] . Enhanced nucleic acid recognition by LNA-containing oligonucleotides made them desirable for many applications in molecular biology, including genotyping [8] or single nucleotide polymorphism (SNP) analysis [9] , hybridization [10, 11] , decoy and fluorescence polarization [12] , expression profiling or microarray [13] , allele-specific PCR [14] , fluorescent in situ hybridization (FISH) analysis [15] , alteration of intron splicing and LNAzymes [16] , 5′-nuclease assay [17] , real-time PCR [18] , siRNA [19] , microRNA [20] and antisense [21] .
In 2006, highly pathogenic PRRSV strains of the North American type were identified in more than 10 provinces in China, where they caused approximately four million fatal cases in 2006 [22] . At the beginning of 2007, the disease re-emerged and infected 310,000 pigs, of which more than 81,000 died in 26 provinces [23] .The outbreak of PRRS in China has resulted in considerable economic losses and a rise in the price of pork. Therefore, it is urgent to develop more effective strategies to prevent and control PRRSV infection in the swine industry. In order to develop improved methods to manage PRRS, we selected the best antisense sequence YN8 from our previous small-scale screening [5] for LNA modifications and applied the two modified sequences to in vitro studies (lifetime of the antisense oligonucleotides, cytotoxicity, cytopathic effect observation, qPCR, virus titer assessment, western blot and indirect immunofluorescence) to evaluate the inhibitory effects on PRRSV replication in Marc-145 cells and in PAMs between the DNA-and LNA-based AS-ONs. Our data showed that incorporation of LNA into AS-ON technology holds higher therapeutic promise for PRRS control.
Methods

Ethics statement
In this study the pigs did not undergo any manipulations prior to standard industrial slaughter. Therefore, no specific ethical approval was required. All animal experiments were performed with the approval of the Animal Care Committee of Yunnan Agricultural University, China.
Virus and cells
From the lungs of an infected pig in Yunnan province (China) during a severe PRRSV outbreak in 2008, our research group isolated a highly pathogenic PRRSV field strain YN-1 (GenBank accession number: KJ747052), which belongs to the North American genotype. Both pulmonary alveolar macrophages (PAMs) and Marc-145 cells were applied in this study, as PRRSV can replicate in these two culture systems. The Marc-145 cells and PAMs were acquired and cultured as we previously described [5] .
Locked nucleic acid modification in antisense oligonucleotide sequences
According to the statistic conclusion [24] , we designed nine candidate AS-ONs with a length of 20 nt using RNA Structure 5.6 [25, 26] and YN8 was identified as the best antisense sequence inhibiting the replication of PRRSV in vitro [5] . In the present study, three types of antisense oligonucleotides based on YN-8 were investigated: (i) unmodified AS-ON (DNA, YN8, served as a control); (ii) LNA/DNA/LNA gap-mer with four LNAs at both ends (LNA-YN8-A) and (iii) LNA/DNA mix-mer (LNA-YN8-B). The three AS-ONs are listed in Table 1 and were synthesized by Shengong (Shanghai, China). The nucleotides in bold in the antisense oligonucleotides (LNA-YN8-A and LNA-YN8-B) were modified with locked nucleotide acids. The gene amplified using the primer pair ACTB-F and ACTB-R is beta-actin from Macaca mulatta (African green monkey). The NCBI Reference Sequence for mRNA of beta-actin is NM_001033084.1. The 
Virus infection and transfection
Cell seeding, virus infection, transfection with AS-ONs and lifetime measurement of AS-ONs were performed [5] . In brief, the Marc-145 cells or PAMs were seeded in 96-or 6-well plates one day before PRRSV infection and AS-ON transfection. After inoculation with PRRSV YN1 strain (25 TCID 50 /well) for one and half hours, the medium was removed and transfection with the desired concentrations of AS-ONs was performed. Four hours post transfection, the transfection medium was replaced with fresh full DMEM medium till further analysis. Each treatment was performed in triplicate. Cy-3 labeled AS-ONs were used in the transfection for the measurement of the lifetime of AS-ONs in vitro, with cy-3 fluorescence signals recorded under the fluorescence microscopy (Olympus) at various time points (1, 2, 6, 8 and 10 h post transfection).
Cell viability analysis
The Marc-145 cells (10 4 cells/well in 100 μl) were seeded into 96-well plates and incubated for overnight. Transfection with the indicated concentrations of AS-ONs (32, 40, 48, 56, 64 and 72 μM) was performed as described above, with each treatment in triplicate. Seventy-two hours post transfection, the cell viability analysis using CCK-8 kit (Sigma-Aldrich, Cat. No. 96992) was performed according to the manufacturer's guide. In brief, 10 μl of CCK-8 solution was added to each well of the plate. Incubate the plate for 2 h in the incubator and measure the absorbance at 450 nm using a microplate reader. The wells without transfection were used as control for normalization.
Isolation of total RNA, reverse transcription and qPCR analysis
As we previously described [5] , total RNA was isolated from Marc-145 cells or PAMs approximately 60 h post PRRSV infection and AS-ON transfection using the RNAiso Plus RNA isolation kit (Takara Dalian, China), and subjected to reverse transcription (Takara PrimerScript RT reagents kit) and qPCR analysis (SYBR Primer Ex Taq II kit). β-actin served as an internal control. The primer pairs used in this study are listed in Table 1 . The ΔΔCt method [27] for relative quantification of gene expression was applied to determine viral RNA levels using SYBR Green real-time PCR. The relative amount of PRRSV RNA was normalized to β-actin mRNA. Amplification and detection of samples were performed with the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA).
Western blot analysis
Total viral and cellular proteins were isolated from PAMs in 6-well plates approximately 60 h post PRRSV infection with or without AS-ON transfections. The cells were scraped after one time PBS wash and collected by centrifuge at 10,000 rpm for 5 min. Into the pellet 100 μl RIPA lysis and extraction buffer (ThermoFisher Scientific, Cat. no. 89900), 1 μl Halt Protease Inhibitor Cocktail (ThermoFisher Scientific, Cat. no. 78430) and 1 μl Halt Phosphatase Inhibitor Cocktail (ThermoFisher Scientific, Cat. no. 78420) was added. The pellet was lyzed by thorough pipetting followed by protein extraction at 4°C for 15 min and then subjected to centrifuge at 10,000 rpm for 5 min. The protein-containing supernatants were collected, mixed with 20 μl loading buffer and 20 μl bromophenol blue (0.4%) and boiled for 10 min. The protein was stored at − 20°C till further western blot analysis. Purified protein samples were resolved under reducing and denaturing conditions using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 8% Bis-Tris Novex NuPage gels in conjunction with running buffer. Resolved proteins were transferred to nitrocellulose membranes and blocked at room temperature for 1 h in PBST containing 5% (w/v) dehydrated milk and 0.05% Tween 20 with shaking. Viral N protein or cellular β-actin was probed by overnight incubation at 4°C with rocking with the primary anti-N protein monoclonal antibody (VMRD, Cat. no. 080728-004, mouse origin) or with the primary anti-β-actin polyclonal antibody (Proteintech, Cat. No.20536-1-AP, rabbit origin). The antibodies were diluted in filtered 5% milk-PBST at a ratio of 1:500 (anti-N protein antibody) or 1:1,1000 (anti-β-actin). The following incubation at room temperature with racking was with secondary goat anti-mouse conjugated horseradish peroxidase (HRP) (Proteintech) or goat antirabbit-conjugated horseradish peroxidase (Proteintech) antibody (1:2000 dilution in filtered 5% milk-PBST). Subsequently, western blots were treated with chemiluminescent ECL Plus substrate (Pierce, Rockford, IL) and imaged using chemiluminescent film (Kodak, Rochester, New York).
Indirect immunofluorescence staining
Sixty hours post PRRSV infection and transfection with AS-ONs, the Marc-145 cells were washed with PBS and fixed with 4% paraformaldehyde (PFA) at room temperature for 10-15 min. After three washes with PBS, the cells were permeabilized with PBS containing 0.3% Triton X-100 for 15 min and blocked with PBS containing 1% BSA for 2 h at 4°C. The nuclei staining with 5 μg/ml of Hoechst 33,342 (Life Technology) was carried out for 20 min at room temperature. The cells were subsequently incubated at 4°C overnight with 5 μg/ml of PRRSV antibody against N protein (encoded by ORF7) (VMRD, Cat. no. 080728-004, mouse origin), washed three times with PBS and incubated with Alexa Fluor 488 conjugated goat anti-mouse IgG (H + L) antibody (Proteintech, Cat. no. 861163) at 5 μg/ml for 1 h at 37°C. After three times PBS wash, the cells were subjected to image analysis by fluorescence microscopy (Olympus). Images were processed to calculate the percentage of infected cells by ImageJ, which was downloaded from (https://imagej.nih.gov/ij/).
Virus titration
Marc-145 cells were seeded into 96-well plates (10 4 cells/ well in 100 μl) one day before PRRSV infection and ASONs transfection. A 10× serial dilution of PRRSV YN-1 strain was prepared. Each dilution was added into six wells (100 μl/well). One and half hours post infection, the transfection was performed with 8 μM of AS-ONs. CPE was recorded using the inverted microscope over a period of 4 days post transfection. Cell number was counted and the 50% tissue culture infected dose (TCID 50 ) was determined by Reed-Muench method.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 4.0 (GraphPad Software Inc., San Diego, CA, USA). Data were analyzed by using the t-test, with two-tailed distribution. P < 0.05 was considered statistically significant.
Results
LNA modification conferred longer lifetime to antisense oligonucleotides
To investigate how long AS-ONs with LNA modifications are present in the cell culture system, 32 μM cy-3 labelled LNA modified antisense oligonucleotides LNA-YN8-A and LNA-YN8-B were transfected into Marc-145 cells. Transfection with cy-3 labelled DNA antisense oligonucleotide YN8 at the same concentration served as the control for comparison. At different time points (1, 2, 6, 12 and 20 h) post transfection, the medium was aspirated and the cells were washed with PBS prior to imaging in fresh medium (Fig. 1) . We found that the fluorescent signal from cy-3 labelled antisense oligonucleotides containing LNA modification (LNA-YN8-A and LNA-YN8-B) was still detectable 20 h post transfection while the signal from cy-3 labelled DNA antisense oligonucleotide YN8 was not visible 6 h post transfection, indicating the unmodified oligonucleotide was almost completely degraded after 6 h. The data presented in Fig. 1 demonstrated that LNA modification can add significant biostability to antisense oligonucleotides in cell cultures or reduce their sensitivity to nucleolytic degradation in biological media, and that protection with LNA significantly stabilized the antisense oligonucleotides against nucleolytic attack, which is consistent with the previously reported data [28, 29] . After virus challenge and transfection with AS-ONs, total RNA was isolated for RT-qPCR analysis and the total protein was extracted for western blot analysis. The ΔΔCt method for relative quantification of gene expression was used to determine viral ORF7 RNA levels. The Y-axis (a) shows the relative RNA levels of the ORF7 gene for each treatment after normalization to the non-transfected reference sample (PRRSV only). Transfection with 8 μM YN8 or 4 μM LNA-YN8-A or LNA-YN8-B completely blocked the synthesis of viral protein (b).The histogram and blots shown here are representative data from three independent experiments. β-actin was used as internal control in both RT-qPCR and western blot analysis. NS: not significant; *: P < 0.05; **: P < 0.01 with YN8 and cells free of PRRSV infection and transfection (cells only) served as the controls for comparison. The CPE image for each treatment shown in Fig. 3 was acquired 72 h post transfection.
In Fig. 3 , no significant cytotoxic effects were observed in the mock well or in the transfection well with YN8 (16 μM), LNA-YN8-A or LNA-YN8-B (16 or 4 μM for both LNA modified AS-ONs). However, the CPE was manifested in the transfection wells with YN8 (4 or 1 μM), LNA-YN8-A or LNA-YN8-B (1 μM). The data here indicates that 16 μM of DNA AS-ONs is protective for Marc-145 cells from PRRSV infection, which brought the working concentration (32 μM) [5] down to half (16 μM), while the inhibitory dose for AS-ON with LNA modification (LNA-YN8-A and LNA-YN8-B) is 4 μM. The CPE data suggested that the antisense oligonucleotides with LNA modifications were more potent in inhibiting PRRSV replication in Marc-145 cells.
Antisense oligonucleotides containing LNAs further inhibited PRRSV replication in PAMs
To investigate whether AS-ONs with LNA modification could further inhibit PRRSV replication in porcine alveolar macrophages (PAMs), which are the targets of PRRSV in the porcine lung, PAMs were infected with PRRSV in vitro and 90 min later transfected by the two AS-ONs containing LNA modifications at different doses (1 μM, 2 μM, 4 μM, 8 μM and 16 μM). PAMs transfected with DNA AS-ON YN8 at the same concentrations and challenged with PRRSV (25 TCID 50 /well) were used as the control. Total RNA and protein was extracted from each treatment well 60 h post infection and subjected to RTqPCR and western blot analysis, respectively. When normalized to β-actin for both mRNA and protein levels, the ORF7 RNA (Fig. 4a) and protein (Fig. 4b ) levels in the PAMs transfected with any of the three AS-ONs were reduced in a dose dependent manner. Furthermore, Fig. 4 showed that transfection with YN8 at 8 μM or LNA-YN8-A or LNA-YN8-B at 4 μM completely abrogated the PRRSV replications in PAMs and that transfection with only half of the amount (4 μM) of AS-ON YN8 containing LNA modification could achieve the same protective effects as with 8 μM DNA AS-ON YN8. In addition, LNA-YN8-A and LNA-YN8-B at 2 μM still showed moderate inhibition effects on PRRSV replication.
LNA modification conferred additional reduction of viral protein
To investigate the extra effect of AS-ONs containing LNA modification on inhibiting the expression of viral protein, indirect immunofluorescence assays were performed with anti-N protein mAb (encoded by gene ORF7) 60 h post transfection in Marc-145 cells with series dilution of ASONs (1, 2, 4, 8 and 16 μM). Indeed, as shown in Fig. 5 , fewer fluorescing cells were seen in the monolayers treated with the two LNA modified AS-ONs than in the monolayers treated with the same amount of DNA AS-ON, and LNA-YN8-A or LNA-YN8-B at 4 μM displayed similar inhibition on viral N protein synthesis as the counterpart YN8 did at 8 μM, which is concordance with the RT-qPCR and western blot data from PAMs (Fig. 4) .
Reduction of viral titer by transfection with antisense oligonucleotides with LNA modifications
Change of viral titer is one of the most direct and convincing parameters in anti-virus research. In order to further determine the level of inhibition, PRRSV YN-1 strain was diluted by 1:10 and added into Marc-145 cells. Transfection with 8 μM of the three AS-ONs was performed 90 min post infection, respectively. CPE was monitored until 4 days post virus infection and transfection. Viral titers were measured by TCID 50 assay. We found that compared to the DNA AS-ON YN8 group, transfection with antisense oligonucleotide sequences containing LNA modifications (LNA-YN8-A or LNA-YN8-B) could more significantly protect Marc-145 cells from cytopathic effects (Fig. 6a) and reduced the viral titer by an extra 10-fold (Fig. 6b) . a b Fig. 6 The antisense oligonucleotides with LNA modification could further protect Marc-145 cells from cytopathic effects and reduce the viral titer 10 fold, compared with the DNA AS-ON YN8. Marc-145 cells (10,000 cells per well) were seeded into 96-well plates the day before infection and transfection. Ten-fold serial dilution of PRRSV YN-1 strain was prepared with medium. 100 μl/well of each dilution was added into 6 wells in total. Ninety minutes post infection, the transfection was performed. CPE was recorded using the inverted microscope over a period of 4 days post transfection. The 50% tissue culture infected dose (TCID 50 ) was determined by Reed-Muench method. Comparing to the DNA AS-ON YN8 control groups, transfection with LNA-YN8-A and LNA-YN8-B more significantly protected Marc-145 cells from cytopathic effects (a) and reduced the viral titer 10-fold (b). These data is representative for 3 independent experiments Discussion and conclusion Antisense therapy technology has been flourishing as a powerful therapeutic approach in the last 30 years with high expectations, exemplified by Merck's acquisition of Sirna Therapeutics in 2006. More than 130 clinical trials are listed on https://clinicaltrials.gov/ (access data January 25th, 2017), with three approved antisense drugs (Vitravene, Kynamro and Macugen) and several others under consideration for market approval [30] . Among the efforts to improve the efficacy of antisense oligonucleotides, LNA modification holds one of the most promising technologies in antisense oligonucleotide therapeutics, as LNAs show higher thermostability and hybridization abilities, DNA nuclease resistance, activation of RNase H activity, solubility and penetration into the cells, lower cytotoxicity and easy synthesis [6, 7, 31] . Among the different designs of LNA modifications in antisense oligonucleotides, a number of studies revealed that mix-mers and gap-mers showed the best target degrading effects [16, 32, 33] .
PRRSV is recognized as one of the most important viruses for the swine industry, mainly due to its persistence in pigs for quite a long time after initial infection. In our previous study [5] , we performed a small-scale screening with nine DNA based AS-ONs as candidates and found YN8 to be the best sequence. To explore the advantages of LNA, in this study we incorporated LNA modifications into the YN8 sequence as gap-mer (LNA-YN8-A) and mix-mer (LNA-YN8-B) and tested the inhibitory effects of these two AS-ONs in cell cultures compared with the corresponding DNA based AS-ON YN8. The Marc-145 cells or PAMs were challenged with PRRSV YN-1 strain and transfection with the three AS-ONs, respectively, followed by lifetime analysis, cytotoxicity measurement, CPE observation, RTqPCR, western blot analysis and TCID 50 determination.
Taken together, under the experimental conditions in this study, we demonstrated that compared with the YN8 sequence, both gap-mer and mix-mer with LNA modifications showed longer lifetime (Fig. 1, 20 hs vs 6 hs), lower cytotoxicity (Fig. 2, 64 μM vs 48 μM) and higher protection from CPE induced by PRRSV infection (Fig. 3, 4 μM vs 16 μM) , and more potent inhibitory effects on PRRSV replication in Marc-145 cells and PAMs at both mRNA and protein levels (2-4 μM vs 8 μM, Figs. 4, 5 and 6) with viral titer reduced by 10 fold. No significant difference was observed between the mix-mer and gap-mer. To our knowledge the only studies with modified antisense oligonucleotides in PRRSV research used phosphorodiamidate morpholono oligomers (PPMOs) [34] [35] [36] [37] . The researchers tested the inhibition of some PPMOs on PRRSV replication in CRL11171 cells and found that the optimal working concentration was approximately 16 μM. In comparison, the LNA modified oligomers we designed and tested in both Marc-145 cells and PAMs inhibited the PRRSV replication at lower concentrations (2-4 μM), which demonstrated the advantages of incorporation of LNAs into AS-ONs to inhibit virus replication.
When it comes to the actual in vivo application of ASONs in the therapeutic control of PRRSV as shown in recent reports [37] [38] [39] , we plan to integrate the methylation of cytosine, phosphorothioate modification in the backbone and the locked nucleic acid (LNA) modifications to redesign the YN8 sequence followed by testing the inhibition of PRRSV replication in piglets by gymnotic delivery of antisense oligonucleotides [40] . We believe this kind of systematical investigation will pave the way to further address the issue of PRRS control. 
